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B y  A r t h u r  3. T i f f o r d  
A ina themat ica l  a n a l y s i s  of r a d i a t o r  Ces ign h a s  been 
ma0e. The volume of t h e  r a d i a t o r  u s i n g  l e a s t '  t o t a l  power 
h a s  been e x p r e s s e d  i n  s s i n g l e  formula  which shows t h a t  
t h e .  optimum r a d i a t o r  vo1u;ne i s  independent  of t h e  shape'  of 
t h e  r a d e a t  or and which ' makes p o s s i b l e  t h e  c o n s t r u c t i o n  of 
d e s i g n  t a b l e s  t h a t  g i v e  t h e  optimum r a d i a t o r  volume p e r  
100-horsepower h e a t  d i s s i p a t i o n  as a f u n c t i o n  of t h e  speed,  
oZ t b e  a l t i t u d e ,  and of one pa ramete r  invoLving c h a r a c t e r -  
i s t i c s  of t h e  a i r p l a n e .  
Al though,  f o r  a g i v e n  s e t  of c o n d i t i o n s ,  t h e  r s d i a t o r  
volume u s i n g  t h e  l e a s t  t o t a l  power i s  f i x e d ,  t h e  f r o n t a l  
a r e a o  o r  t h e  l e n g t h ,  of t h e  r a d l n t o r  needs  t o  be s e p a r a t e -  
l y  s p e c i f i e d  i n  o r d e r  t o  s a t i s f y  c e r t a i n  o t h e r  r e q u i r e m e n t s  
such as  t h e  a b i l i t r  t o  coo l  w i t h  t h e  p r o s s u r e  drop a v a i l -  
a b l e  w h i l e  t h o  . a i r p l a n e  i s  c l i m b i n g ,  I n  o r d e r  t o  s i m p l i f y  
t h e  s p e c i f i c a t i o n  f o r  t h e  shapc o f  t h e  r a d i a t o r  and i n  o r -  
d e r  t o  r c d u c s  t h e  l a b o r  i n v o l v e d  i n  c a l c u l a t i n g  t h o  dc- 
t n i l o d  performance of r a d i a t o r s ,  g e n c r n l l z c d  d e s i g n  c u r v e s  
have been Ceueloged f o r  d e t e r m i n i n g  t h o  p r c s g u r c  drop,  
t h e  mass f low of a i r ,  and t h e  power cxpcndod i n  overcon ing  
t h e  c o o l i n g  d r a g  o4 ,a  r a d i a t o r  from t h e  p h y s i c a l  d i n e n - "  
s i o n s  of t h e  r a d i a t o r .  I n  a d C i t i o n ,  a  t a b l e  i s  d e r i v e & " '  
from t h e s e  c u r v e s ,  which d i r e c t l y  g i v e s  t h e  s a u a r e  r o o t ,  of 
t h e  p r e s s u r e  drop r e q u i r e d  f o r  ground c o o l i n g  a s  a  fudc-  
t i o n  of t h e  r a d i a t ~ r  d imensions ,  of t h e  h e a t  d i s s i p a t i o n ,  
an? of t h e  a v a i l a b l e  t e a p e r a t u r e  c l i f f e r e n c e ,  T y p i c a l  c a l -  
c u l a t i o n s  u s i n g  t h e  t a b l e s  of optinun r a d i a t o r  volume and 
t h e  d-esign curves  a r e  giyen.  
The j e t  power t h a t  c a n . b e  S-erived from t h e  h e a t e d  a i r  
i s  p ropor t iona , l  t o  t h e  h e a t  d i s s i p a t i o n  and- i s  approxi -  
ma te ly  p r o p o r t i o n a l  t o  t h e  squgre  of  t h o  a i r p l a a e  s p e e d .  
and t o  t h e  r e c i p r o c a l  of t h e  a b s o l u t e  t e n p e r a t u r c  of t h e  
a t n o s p h e r e .  A t a b l e  of j e t  powcr -pe r  100  horsepower of 
h e a t  cl-is sipat ion a t  v a r i o u s  a i r p l a n e  speeds  an& z l t i t u d o s  
i s  p r c s e n t o d .  
I NTRODU GT I ON . .  . 
Thc n a t h c n a t i c a l  a n a l g s i  s  of r a C i a t o r  d e s i g n  p r e s e n t -  
ed i n  t h i s  p a p e r  shows t h a t  t h e  vo luae  of t h o  r a d i a t o r  
u s i n g  l e a s t  power i s  p r a c t i c a l l y  infiepens-ent of t h e  shape 
of t h e  r a a i a t o r  and i s  g iven  by a s i n g l e  e x p r e s s i o n  in -  
v o l v i n g  t h e  d e s i g n  c o n d i t i o n s .  The p r e s e n t  a n a l y s i s ,  t h e n  
u n p u b l i s h e d ,  s u g g e s t e d  t h e  p o s s i b i l i t y  of c o n s t r u c t i n g  t h e  
g e n e r a l i z e d  d e s i g n  c h a r t  f o r  r a d i a t o r s  g iven  i n  r e f e r e n c e  
1, The g e n e r n l i z c d  r a d i a t o r  c h a r t  e i v e s  t h e  c o n p l e t e  
p i c t u r e  of a l l  r n c i a t o r  d e s i , p s ,  T h i s  p a p e r ,  howeverb 
p r e s e n t s  t a b l e s  and c h a r t s  t h a t  p o r n i t  s noro  r a p i d  d e t c r -  
m i n a t i o n  of t h e  d e s i g n  r e q u i r e n e n t s ' o f  r a d i a t o r  i n s t a l l s -  
t i o n s  w i t h  t h e  t u b e  A i a n e t e r s  a v a i l a b l e  today.  S i n i l a r  ' 
t a b l e s  and c h a r t s  c a r  be worked up f o r  apy o t h e r  tube  a i a n a  
e t e r s  t h a t  nay be u s e d  i n  t h e  f u t u r e .  
SYMBOLS 
The f o l l o w i n g  s y n b o l s  a r e  used  i~ t h e  r e p o r t  and a r e  
l i s t e d  a l p h a b e t i c a l l y  f o r  r e a d y ' r e f e r e n c e ,  Any u n i t s  nay 
- be u s e d  i n  ConnectJon tzrith t l iese  &.ynbol.s rfts l o n g  as t h e  
b a s i c  e q u a t i o n s  a r e  d i n e n s i o n a l l y  s a t i s f i e d .  
A t o t a l  r a d i a t o r  froh,&al  a r e a ,  square  f e e t  
A, . open f r o n t a l  a r e a  of r a f i i a t o r l  s q u a r e  f e e t  . . 
cl  , c z  d i n e n s i o n l e s s '  c o n s t a n t s  
: cp s p e c i f i c  h e a t  at   ons st ant p r e s s u r e ,  B t u  p e r  pound y o r . ' ~  . . 
CD d r a g  c o e f f i c i e n t  of vine 
% .  l i f t  coeffi.ci'c.izt of win5 
D h y d r a u l i c  f - i a n e t c r ,  f e e t  
. c 
f f r e e - a r e a  r a t i o ,  r a t i o  o f  open f r o n t a l ,  a r e a  t o  
t o t a l .  f r o n t a ' l  a r e a  
g a c c e l e r a t i o n  o f  g r c v i t y ,  3 2 , 2  f c e t  p e r  second 
p e r  second 
E q u a n t i t y  of h e a t  F L i s s i p a t c d ,  B tu  p c r  second o r  
ho r  scpower 
k th.erma1 c o n d u c t i v i t y ,  B t u  p e r  s q u a r e  foot  p e r  O F  
p e r  f o o t  p e r  sccond 
L t u b c  l c n g t h ,  f e e t  
14 mass f low of f l u i d  p e r  u n i t  t i n e ,  pounds p e r  socond 
N n o n d i n c n s i  o n a l  q u a n t i t y  
P s t a t i c  p r e s s u r ~ ,  pounds p e r  squa re  f o o t  
Po n tmospher i e  s t a t i c  p r e s s u r e ,  pounds p e r  squa re  f o o t  
p l  a b s o l u t e  s t a t i c  p r e s s u r e  i n  e n t r a n c e  of r a d i a t o r ,  
' pounds ;?er squnre  f o o t  
AP s t a t i c - p r e s s u r e  d i f f e r e n c e ,  pounds p e r  s q u a r e  f o o t  
*pe p r e s s u r e  d rop  due t o  e x i t  l o s s ,  pounds p e r  s q u a r e  foo t  
Qpf  p r e s s u r e  d r o p  duc t o  s k i n  f r i c t i o n ,  pounds p e r  
s q u a r e  foot  I 
Apfon - p r e s s u s e  d r o p .  due t o  s k i n  f r i c t i o n ,  e x i t  l o s s ,  and  
momentun 10s - s ,  pounds p e r  sqv-arc f o o t  
P powek, f  oot-pay-nds p e r  second o r  h o r  sepowcr 
P j e t  power,  f  cot -pounds p c r  sccond o r  horsepower 
P t  t o t n l  power c x p e n d i t u r c  c h a r g e a b l e  t o  r a d i a t o r ,  
foot-pounds XJer socond or  hor  scpower  
P~ power r e q u i r e d  t o  f o r c e  a i r  t h r o u g h  r a d i a t o r ,  f o o t -  
pounCls pe r .  second or  horsepower  
P~ power r e q u i r e d  t o  s u p p o r t  and  p r o p e l  weight  o f  r a d i -  
tt,t o r ,  foo t -pounds  p e r  second o r  b o r  segower 
C i  dynamic p r e s s u r e  ( B  p va), pounds p e r  s q u a r e  f o o t  
q1 dynamic p r e s s u r e  i n  e n t r a n c e  of r a d i a t o r ,  pounds 
p e r  s q u a r e  f o o t  
R Reynolds n?:obcr ( ~ V D / W ?  
~ b s o l u t c  t c r p c r n t u r c  o i  f r o c  a i r  s t r o a n ,  u~ 
0 
a b s o l u t o  t cmpcra tu rc  of a i r  i n  c n t r a n c o  of r a t l i a t o r ,  F 
e b s o l u t c  t c n p c r a t u r o  of a i r  i n  e x i t  of r a d i a t o r ,  O F  
a v c r a g e  a b s o l u t ~  t a n p c r a t u r e  of tube  w a l l ,  O P  
velocity, f c o t  p c r  second 
f r c o  s t r o a n  v e l o c i t y ,  f c c t  p c r  second 
a v c r a g e  v s l o c i t y  of a i r  i n  e n t r a n c e  of r a d i a t o r ,  
f e e t  p e r  sccond 
average  v e l o c i t y  of a i r  ir,  c r d t  of r a d i a t o r ,  f z c t  
p e r  second 
a v e r a g e  v e l o c i t y  of a i r  i n  e x i t  of d u c t ,  f e e t  p e r  
second 
n e c h a n i c a l  p o v e r ,  f o ~ t - p o u a ? ~ s  p e r  .second 
weight  of r a n i a t  o r ,  pounds 
7 n o n d i s e n s i  ona l  
a' e x i t - l o s s  f a c t o r  "e \ ( P 2  v 2 /  2 
r 
p h e a t i n g  f a c t o r  [I + 
T1 
Y r a t i o  of s p e c i f i c  h e a t  a t  c o n s t a n t  p i e s s u r e  t o  spe- 
c i f i c  h e a t  a t  cons, tant  volume f o r  a i r  
* 
/ 
E d i n e n s i o n l e s s  f a c t o r  by which t o  n u l t i p l y  r a d i a t o r  
weight  t o  account  f o r  a d a i t i o n a l  r e q u i r e d  a i r p l a n e  
s t r u c t u r e   or c a l c u l a t i o n s ,  i s  t e k e n  a s  1 ,5 . )  
qp punp e f f i e i e n c ~ :  of dnc t  w i t h  r a d i a t o r  i n s t a l l e d  
nt h e a t - t r a n s f e r  e f f i c i e n c y  
IJ c o e f f i c i e n t  o f  v i s c o s i t y ,  s l u g s  p e r  f o o t  p e r  second 
p1 c o e f f i c i e n t  o f  v i s c o s i t y  of a i r  i n  r a d i a t o r  e n t r e u c e ,  
s l u g s  p e r  f o o t  p e r  second 
P a i r  c lens i ty ,  s l u g s  p e r  c u b i c  f o o t  
Po d e n s i t y  of a i r  i n  f r e e  s t r e a n ,  s l u g s  p e r  c u b i c  f o o t  
p, j e n s i t g ~  of a i r  i n r a d - i n t o r  e n t r a n c e ,  s l u g s p e r  
c u b i c  f o o t  
Pz d e n s i t y  of a i r  i n  r a f i i a t o r  e x i t ,  s l u g s  p e r  c u b i c  f o o t  
P  r d e a s i t y  of r n d i c t o r  bnsed on open volune  (w,/LA,),  
pounds p e r  c u b i c  joot  . 
G e n e r a l i z e d  p a r a . i ~ e t e r s :  
The power chargeab le  t o  a r a d i a t o r  i n s t a l l a t i o n  i n  
e i t h e r  a  wing o r  an eng ine  n a c e l l e  i s  composed of two 
p a r t s :  t h e  power req-ui red  t o  f o r c e  t h e  o o o l i n g  a i r  t h r o u g h  
t h e  r a d i a t o r  and t h e  duc t  sys tem and t h e  power r e q u i r e d  t o  
c a r r y  t h e  r a d i a t o r  and i t s  s u p p o r t s .  The r e l a t i o n s  e x i s t -  
i n g  between t h e  power e x p e n d i t u r e ,  t h e  r a d i a t o r  dimen- 
s i o n s ,  and  t h e  b e a t  d i s s i p a t i o n  have been a n a l y z e d  i n  ap- 
p e n d i x  A .  T h i s  a n a l y s i s  shows t h a t  t h e  r a d i a t o r  volume 
r e q u i r i n g  l e a s t  power o x p e n d i t u r c  i s :  
Opt imua LA=:: + i 2gcp(T,-T,)f qp  ' 
T a b l c s  I t h r o u g h  T V  have bean dcvclop22 from t h i s  
e q u a t i o n  f o r  t h e  r a n g e  of o p e r a t i n g  c o n d i t i o n s  cncoun- 
t a r e d  i n  p r a c t i c e .  Eacb t a b l e  g i v e s  t h e  optimum r a d i a t o r  
vo luxc  p e r  1 0 0  horsepower of h e a t  d i s s i p a t i o n  f o r  e t h y l e n e -  
g l y c o l  honeycomb-radiator i n s t a l l a t i o n s  f o r  a  g i v e n  a i r -  
p l a n e  speed as a  f u n c t i o n  of t h e  a l t i t u d e  and t h e  p roduc t  - - 
'D . The assume& d e s i g n  c o n d i t i o n s  follorv: 
'"PC -cy 
C i r c u l a r  t u b e s  of 0-25-inch d iamete r  w i t h  a  tube-wall  
t h i c k n e s s  of 0.005 i n c h  a r e  u s e d ,  The minimum l i q u i d  
sassageway i s  0,028 i n c h ,  and t h e  r a t i o  of t h e  open t o  t h e  
t o t a l  f r o n t a l  a r e a  f i s  0.68 ,  The e x i t - l o s s  f a c t o r  i s  
0.1 i n  t h i s  case .  (See  r e f e r e n c e  2. )  The r a d i a t o r  weight  
d e n s i t y  pr i s  98  pounds p e r  c u b i c  f o o t  o f  open V O ~ U ~ @ .  
0 
The e t h y l e n e - g l y c o l  t e n p e r a t u r e  h a s  been t a k e n  as 52 3' 
below t h e  b o i l i n g  p o i n t  of  a  97-?ercent g l y c o l  s o l u t i o n  at  
each a l t i t u d e  and i s  g ivcn  i n  t h e  f o l l o w i n g  t a b l e :  
A 1  t i tude  E thy lene-g lyco l  t e m p e r a t u r e  
( f t :  OF 
Sea l e v e l  290 
5,000 284 
The s t a n d a r d  atmosphere h a s  becn used  f o r  t h c  a l t l t u d c  c a l -  
c u l a t i o n s ,  and a d i a b a t i c  e f f e c t s  have becn i a c l u d c d .  
When t h e  c o o l i n g  s y s t c n  i s  s o a l e d  i n  o r d e r  t o  r a i s e  
t h c  p r e s s u r e  and t h e  operating t c m p c r a t u r e  of tho  c o o l a n t ,  
t h e  optimum ra .d ia tor  volumos a r c  o b t a i n e d  by rccZuciag t h e  
v a l u e s  i n  t a b l e s  I t o  IV by t h b  r a t i o  of t h c  t c inyera tu rc  
d i f f c r c n c e s  a v c i l a b l c  f o r  c o o l i n g  i n  t h e  nonsoa led  and 
s c a l e d  sys tcms,  
T y p i c a l  c a l c u l a t i o n  of opt  imug r a & i a t  o r  volume ,- The 
c a l c u l a t i o n  of t h e  e t h y l e n e - g l y c o l  r a d i a t o r  i n s t a l l a t i o n  
f o r  a 400-mile-pey-hour a i r p l a n e  w i t h  a  1000Ihorsepower 
eng ine  s e r v e s  a s  a, t y p i c a l  example of how ta -b lcs  I t h r o u g h  
I V  a r e  u s e d .  The a i r p l a n e  i s  supercharged  t o  20,000 f e e t ;  
t h e  a s s u n e d  c l i n b i n g  spced at  s o z  l c v b l  i s  140  m i l e s  p c r  
hour ;  and t h c  pumping e f f i c i e n c y  of t h e  d u c t  system i s  
0.90. The v a l u c  of e - 'D i s  0.15 and t h e  v a l u e  of C~ 
CL 73? 
CD From t a b l e  I11 a t  qp t. = 0.10 f o r  a n  a l t i t u d e  of 
L. 
20,000 f e e t ,  0.459 c u b i c  f o o t  of r a d i a t o r  i s .  r e q u i r e d  f o r  
CD each 100-horsepower d i s s i p a t i o n ;  for np E - = 0,15 a t  
C 7 
U 
20,000 f e c t ,  0.409 c u b i c  f o o t  p c r s l O O  horsepower i s  r e -  
'D - o . l i i  a t  o u i r e d .  The o p t i n u n  r a d i a t o r  f o r  tlg c 
20,000 f e e t  i s  found by i n t e r p o l a t i o n  t o  b& 0.424 c u b i c  
f o o t  p e r  L O O  horsepower.  The r a d i a t o r  i n s t a l l a t i o n  w i l l  
be d c s i g n c d  f o r  3, h e a t  d i s s i p a t i o n  of apqrox imatc ly  onc- 
h a l f  t h c  r a t e d  power of t h c  cng inc  o r  500 horsepowcr,  The 
r e q u i r e d  r a d i a t o r  volumc, t h c r c f o r e ,  i s  5  .X 0.424 or 2.12 
c u b i c  f c c t ,  
C a l c u l s t i o n  of f r o n t a l  a r e a  of optimum r a d i a t o r  vo1unc.- 
The o p t i n u a  r a C i a t o r  volunc or  s u r f a c e  can now bc p l a c e d  i n  
nng p o s i t i o n  d c s i r o d ,  I n  t h o  f o l l o w i n g  oxamplo, t h e  r a d i -  
a t o r  s u r f a c e  w i l l  bc p l a c c d  i n  such a positiomr. t h a t  i t  
mscts  t h z  c o o l i n g  r c c ~ u i r c m o n t s  of t h o  cng idc  a t  sea l e v e l .  
A t  t h e  c l i n b i n g  spocd of 140 n i l o s  por  h o u r ,  50 pounds p e r  
squcrc  f o o t  i s  assumed available f o r  c o o l i n g .  
I n  nppcndix  B t h c  p r c s s u r o  drop h a s  been e x p r e s s e d  a s  
a f u n c t i o n  of t h c  d i n c n s i o n s  of t h e  r a d i a t o r .  The d e r i v e d  
relations have bccn p l o t t e d  i n  f i g u r e  1, whcrc t h e  p r e s s u r c -  
drop o r d i n a t c  
i s  c v s l u a t c d  f o r  s c a - l e v z l  c o n d i t i o n s  a s  
Thc r a d i a t o r  hzs  nn c ~ i t ~ l o s s  f 2 c t o r  of O.l 'nnd,  f r o n  f i g -  
u r e  1, t h o  L/D of t h o  t u b i n g  is t h c r e f c r c  61, o r  t h e  
t u b c  l e n g t h  i s  1 5  i n c h c s .  The f r o n t a l  n r c a  of t h e  r a d i -  , 
n t o r  i s  2012 o r  1.70 square  f c c t .  
1 5 / 1 2  
, .  
, C a l c u l a t i o n s  of t o t a l  powcr ~ c x ~ c n n d i t u r e  and n o s s  f l o v  
of a i r  ,- A f t o r  t h e  rar?-intor i n s t a l l a t i o n  i$ d c t c r a i n c d ,  
t h e  pol.$cr cxpenOcd and t h e  n a s s  f l o v  of n i r  r e o u i r c d  f o r  
c o o l i n g  a t  20,000 Zcct can bc c a l c u l a t c d .  Tho o p e r a t i n g  
c o n d i t i o n s  a r c :  
Heat d i s s i p a t i o n ,  H ,  horsepower . . . . . . . .  500 
. . . .  F r e e  s t r e a m  v e l o c i t y ,  To, m i l e s  p e r  hour 400 
Average a b s o l u t e  tompera tu ro  of tube  w a l l ,  T w  
(52' F  below b o i l i n g  p o i n t ' o f  a 97-percent  
g l y c o l  s o l u t i o n  a t  20,000 f o o t ) ,  OF a b s o l u t o  . . 713 
Abso lu te  t e m p e r a t u r e  of f r c c  a i r  s t roam,  a t  
20,000 f e e t ,  T o ,  OF a b s o l u t e  447.7 
A d i a b a t i c  t e m p e r a t u r e  r i s e  a t  400 m i l c s  por  h o u r ,  . . . . . . . . . . . . . . . . . . . . . . .  OF . . 28.5 
Tcmpcraturc of a i r  a t  e n t r y ,  T x ,  O F  a b s o l u t e  . . 476 
A v a i l a b l e  t e m p e r a t u r e  d i f f e r e n c e ,  T w  - TI, Or 23 7 
A i r  d-ens i ty  at 20,000 f e e t ,  p o ,  s l u g s  p c r  c u b i c  
f o o t  . . . . . . . . . . . . . . . . . . . . . .  0.0.01267 
D e n s i t y  of a i r  'at rad2..ator c n t r a n c c  a f t e r  a d i a -  
b a t i c  compression,  p l ,  ; s l u g s  p a r  c u b i s  f o o t  0,001469 
. . - Thc part of t h o  t o t a l  powcr expended - i n  pushing.  air.- 
t h r o u g h  t h c  r a d i a t o r  will bc calculated f i r s t :  , . 
A = 1.70 s q u a r e  f c c t  
* 
- 
'I = 61 D 
Thcrcf  o ro  
= 23,9 horsepower 
Tho powcr r e o _ u i r e J . . t o  c a r r y  t h e  weight  o f  t h e  r a d i -  
a t o r  i s :  
' = 12,500 f o o t - p o u n d s ' p e r  second 
= 22.8 horsopower 
The t o t a l  power expenditure i s  t h e r e f o r e  
I f  t h e  spaoe i s  available, %.he optiruua r a d i a t G r "  v o l -  
ume c a n  be shaped w i t h  a b i g g e r  f r - o n t a l  a r e a  and s h o r t e r  
t u b e s .  The power e x p e n d i t u r e  and t h e  p r e s s u r e  d r o p  re.. 
q u i r e d  f o r  c001Png ~ $ 1 1  be r e d u c e d  because  of th'e s r a a l l e r  
L / D  0 2  t h e  . t u b ~ - s  ( f i g .  1). 
The mass f low ,o:f air r e q u i r e d  f o r  c o o l i n g  a t  20,000 
f e e t  i s :  
From f i g u r e  1 ,  
t h e r e f o r e ,  
. A 10,9 pounds p e r  second 
Genera l  u s e  of desi{:n c u r v c s  o f  f i g u r e  1.- Tho d e s i g n  
c u r v e s  of f i g u r o  1 nnke p o s s i b l e  a q u i c k  a a t c r m i n a t i b n  of 
t h c  r e q u i r e d  p r c s s u r c  drop,  of t h c  r c q u i r c d  mass f low of  
c o o l i n g  a i r ,  and of t h o  power r e q u i r e d  t o  push  t h c  cool-  
i n g  a i r  th rough  t h e  r a d i a t o r  f o r  any r a d i a t o r  whcthcr i t  
h a s  t h c  optimun vo lube  or n o t ,  These c u r v c s  should-, 
t h c r c f o r c ,  bc of g r o a t  va luo  t o  d o s i g n e r s  of c o o l i n g  i n -  
s t a l l a t i o n s  who a r e  o f t o n  presented w i t h  t h e  problem of 
choos ing  a r a d i a t o r  from s e v e r a l  r a d i a t o r s  sugge s t e d  f o r  a 
g i v e n  i n s t a l l a t i o n  by v a r i o u s  r a d i a t o r  n a n u f a c t u r e r s .  The 
optinum d e s i g n ,  of c o u r s e ,  s e r v e s  as a g e n e r a l  gutde  i n  
t h e  s e l e c t i o n  of t h e  r a d i a t o r .  I t  does  n o t ,  however, i n  
i t  s e l f  s p e c i f y  t h e .  b e s t  r a d i a t o r  of a group i n c l u d i n g  r.adi- 
a t o r s  of d i f f e r e n t  l e n g t h s  and f r o n t a l  a r e a s ,  Such a  Spec- 
i f i c a t i o n  can cone o n l y  f r o n  t h e  c a l c u l a t i o n  of t h e  d e t a i l e d  
p c r f o r n a n c c  of t h e  v a r i o u s  r a d i a t o r s .  The c u r v e s  of f i g u r e  
1 r c d u c c  t h e  l a b o r  i n v o l v c d  i n  such. c a l c u l a t i o n s ,  
J e t  pow=.- The t h r u s t  power that r e s u l t s  f r o n  t h e  
h e a t  added t o  t h e  a i r  %y t h e  r a d i a t o r  i s  t r e a t e d  i n  appon- 
d i x  C. T h i s  t h r u s t ,  o r  j o t ,  power i s  p r o p o r t i o n a l  t o  t h e  
h e a t  d i s s i p a t i o n  and t o  t h e  s q u a r e  of t h e  a i r p l a n e  speed ,  
Thc j e t  power v a r i e s  wi th  t h e  a l t i t u d e  i n v e r s e l y  as t h c  
a t n o s p h e r i c  t e n p c r a t u r c .  The j e t  powcr p e r  1 0 0  horsepower 
of h c a t  d i s s i p a t i o n  f o r  v a r i o u s  a i r p l a n e  speeds  and Tar- 
i o u s  altitudes i s  g i v e n  i n  t a b l e  V.  A t  h i g h  a l r p l a n e  
spccds  t h c  r a d i a t o r  i n s t a l l a t i o n  c x c r t s  a  n e t  t h r u s t .  
A f o r r ~ u l a  h a s  been developed which shows t h a t  t h e  
optiL1ua r a d i a t o r  vo lune  i s  e s s e n t i a l l y  a  f u n c t i o n  of o n l y  
f o u r  p a r a n e t e r s ;  n a n e l y ,  t h e  h e a t  d i s s i p a t i o n ,  t h e  air-  
p l a n e  speed,  t h e  a l t i t u d e ,  an& .a. g a r a n e t s r  i n v o l v i n g  char -  
a c t - e r i s t i c s  of t h e  a i r p l a n e ,  I t  i s  u s e f u l  t o  n o t e  t h a t  
t h e '  v o l u n e  of t h o  n o s t  e f  f i c i a n t  r ad ia i to r  i s  Tndepsndent 
of t h e  f r o n t c l  a r e a  02 t h e  r a d i q t o r .  For  a  g i v e n  s o t  of 
c o n d i t i o n s  t h e  o p t i n u n  r a d i n t o r  voluue  i s  f i x e d ;  the 
f r o n t a l  a r e a  of t h c  r a d i a t o r  .can t h e n  bc, scpz t ra te ly  spec- 
i f i e d '  i n  o r d e r  t o  s a t i s f y  c e r t a i n  o t h c r  r o q u i r e n e n t s ,  such 
a s  t h e  a b i l i t y  t o  c o o l  w i t h  t h e  p r e s s u r e  d rop  available 
whi le  t h o  a i r p l a n c  i k  b l i z b i n g ,  The l a r g c r  t h e  r a d i a t o r  
f r o n t a l  a r e a *  t h e  s c a l l c r  s r e  t h o  power expenditure and 
t h e  p r e s s u r e  drop. r c q u i r c d  f o r  c o o l i a g ,  I f ,  t h e r c f o r c ,  
t h e  s i z c  of t h o  d u c t  p e r n i t s  t h c  u-se of a  l a r g e r  r a d i a t o r  
f r o n t a l  a r e a  t h a n  t k c  ' f r o n 6 a l  area of t h e  r a d i a t o r  u s i n g  
a l l  t h e  p r e s s u r c  d r o p  available v ~ h i l c  t h c  a i r p l a n e  i s  
c l i n b i n g ,  t h e  r a d i a t o r  w i t h  l a r g e r  f r o n t a l  a r c s  should  be 
U S O ~ ,  
Langlcy  H e n o r i a l  A e r o n a u t i c n l  t a b o r a t o r y ,  
N a t i o n a l  Advisory  C o ? - ~ n i t t ~ c  f o r  A c r o n n u t i c s ,  
Langley  F i e l d ,  V s ,  
APPEBDIX A 
TEEORET I CAL ANALYSIS OF RADIATOR DESIGN 
The power chnrgoab lo  t o  a n  i n s t a l l a t i o n  of a r a d i a t o r  
i n  s , . v i n ~  o r  i n  an  c n g i n c  n n c c l l c  i s  conposcd of two p a r t s :  
t h e  power r e q u i r e d  t o  f o r c e  t h ~ ~ c o o l i n g  a i r  t h r o u g h  t h e  
r a d i a t o r  ~ n d  u c t  s y s t e n  P ~ / T ) ~  and t h e  power r o q u i r e d  t o  
c a r r y  t h e  r a d i a t o r  and i t s  s u p p o r t s  PW. The power r e -  
q u i r e d  t o  c i r c u l a t e  t h e  c o o l a n t  i s  n e g l i g i b l e ,  
The p r e s s u r e  d r o p  a c r o s s  a  r a d i a t o r  h a s  been g i v e n  
i n  r e f e r e n c e  2 as  
"fen = nonentun  Loss + f r i c t i o n  l o s s  + e x i t  l o s s  
, , 
T h i s  r e l a t i o n  w i l l  be , p u t  i n t o  cl nore  c o n y e n i e n t  f o r r ~ .  
E e a t - t r ~ n s f e r  nnd f r i c t i o n ' d a t a  ( f o r  e x a i p l e ,  f i g s ,  
2 and 3 t a k e n  f r o a  r e f e r e n c e  2 )  show t h a t ,  f n  t h e  turbum 
l e n t  r e p i o n ,  lJussc,l-t + s  n u r ~ b e r  i s  p r o p o r t i o a n l  t.o t h e  
e i g h t - t o n t , h s  potrcc of 'Reynolds nunber nnd t h e  f y i c t i o n  
f a c t o r  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  t w ~ ~ t c n t h s  powcr 
gf Reyilolds nunbor , Tho hi?.n,t-transfer e f f i c i e n c y  q t ,  
$ , :  . 
~ ~ ; r h i c h  i s  cdcfi.ncd & s  t h o  r a t i o  . IP2 - T x  i s  t h e r e f o r e  - - * 3W - Tl 
g i v c n  b y  t$c cqupt  i o n  
C v 0 - 2  
( s e e  r e f e r e n c e  2 . )  
. , 
> 
I n  a d d i t i o n ,  t h e  f r i c t i o n  can be c o r r e l a t e d  w i t h  tka-hose- 
t r a n s f e r  e f f i c i e n c y  a s  i n  e q u a t i o n  ( 3 )  
R a d i a t o r s  have s t r a i g h t  f r i c t i o n a l  p a s s a g e s  on t h e  a i r  
s i d e  and,  i n  such c a s e s ,  t h e  c o e f f i c i e n t  .c2 i s  twice  t h e  
. c o e f f i c i e n t  el, 
I f  t h c s o  r e l a t i o n s ,  t h e  o q u a t i o n  of c o n t i n u i t y  
Ps 1 
PIV1 = ~ 2 ~ 2 ,  and C h a r l e s '  g a s  l a w  - I - - a r e  used ,  t h o  
Pl . f z  
e q u a t i o n  f o r  t h e  p r e s s u r e  drop becones 
The Qect d - i s s i p a t i o n  of a r a d i a t o r  i s  g iven ,  by t h e  
h e a t - b a l a n c e  e q u a t i o n  ( 5 ) .  
For  a  g iven  h e a t  h i s s i p a t i o n  H n t  a  g i v e n  a v a i l a b l e  
t enperc t tu re  d i f f e r e n c e  T - T t h e r e  i s  a  wide r a n g e  of 
r a f i i a t o r s  u s i n g  v 3 r i o u s  v a l u e s  of Ap, P , T i t ,  7 T l ,  A o ,  and  
L. Four e q u a t i o n s ,  c q u a t i o n s  (I), ( 2 ) ,  141, 2nd ( 5 ) ,  r o -  
l a t e  t h e s e  s i x  q u a n t i t i e s .  Thus,  on ly  t w o  i n d e ~ c n a e n t  
v a r i z b l e s  e x i s t .  The t o t a l  i3ower expen?- i tu rc  t h e r e f o r e  
d e s c r i b e s  a  unique  s u r f a c e  i n  c t h r e e - d i n c n s i o n a l  p l o t  
a g a i n s t  t w o  such i n d e p e n d e n t .  v a r i a b l e s  a s  t h e  r a d i a t o r  
f r o n t a l  n r c a  and t h e  n a s s  f low of c o o l i n g  a i r ,  Each p o i n t  
on t h i s  s u r f a c e  r . c p r e s c n t s  2 s p e c i f i c  r a d i n t o r  dc.sign w i t h  
a  d e f i n i t e  pressu , re  d r o p ,  Becouse a r r d i n t o r  i s ,  as f a r  
a s  t h c  p h y s i c a l  phenoacna o c c u r r i n g  a r e  concerned ,  a s in -  
p l i f i c d  i n t e r c o o l e r ,  a n  a b s o l u t e  n i n i n u n  t o  t h e  power ex- 
p e n d i t u r e  e x i s t s  j u s t  a s  i t  does  in i n t e r c o o l o r  d e s i g n  
( r c f e r c n c c  3 )  when t h e  2 a s s  flozv of c o o l i n g  a i r  m d  t h e  
f r o n t a l  a r e a  n r e  v c r y  l a r g e ,  I n  p r a c t i c e ,  a n  i n f i n i t e  
Bass f l o w  of c o o l i n g  a i r  v~ould  n o t  bo i d e a l  because  of t h e  
h i g h  & u c t  l o s s e s  t h a t  would e x i s t  and b c c ~ , u s c  t h c  d u c t  
s i z e  l i u i t s  t h c  onount  of f r o n t a l  a r e a  t h a t  4 r a d i a t o r  can  
p r o f i t a b l y  u s e .  
The l o s t  r a d i a t o r  of a g i v a n  f r o n t a l  a r e a  i s  found i n  
t h e  a n a l y s i s  t h a t  f o l l o w s .  The e f f e c t s  of t h e  l o s s e s  aue 
t o  h e a t i n g  on t h e  o p t i n u n  vo lune  have been f o u n d . t o  be 
n e g l i g i b l e  and a r e  o n i t t e d  f o r  s i n p l i c i t y .  
The t o t a l  power e x p e n d i t u r e  when h e s t i n g  e f f e c t s  a r e  
n e g l e c t e c  i s  , 
CD -I- E - To prLAO 
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Whcn e q u a t i o n  ( 3 ) .  i s  s u b s t i t u t e d  f o r  ,, t h e  t o t a l  PJ, 
2 
power e x p e n d i t u r e  i s  o b t a i n c d  n s  a  f u n c t i o n  of t h e  v a r i a -  
b l e s  L A o ,  A o ,  and V1. Fhe v c l o c i t y  of t h e  a i r  i n  t h e  
t u b a s  V1 can be eicprcssc?. as a  f u n c t i o n  of LAo and A. 
by ncnns of t h e  e q u a t i o n  f o r  t h e  h e a t  d i s s i p a t i o n ,  equs- 
t io r t  ( 5 ) .  
The v a r i a t i o n  of y  ' w i t h  t h e  a i r  v e l o c i t y  i s=do&half  t h e  
v a r i a t i o n  of q t  w i t h  t h e  a i r  v e l o c i t y ,  shown i n  f i g u r e  4 ,  
and i s  t h e r e f o r e  n e g l i g i b l e .  
With Vl e l i n i n a t e c l ,  - t h e  t o t a l  power expen?- i ture  be- 
cones 
E q u a t i o n  ( 6 )  i s  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  t d e  r a d i a t o r  
v o l u u e ,  t h e  f r o n t a l  a r e a  i n  t h o  y t c r u  b e i n g  h o l d  con- 
s t a n t ,  a n d  t h c  b r i v a t i v c  i s  s e t  c q u a l  t o  z e r o  e n  o r d b r  Go 
o b t a i n  t h c  c o n d i t i o n s  r cqu - i r ed  f o r  u i n i n u n  power expend i -  
t u r c ,  I n  t h i s  way e q u a t i o n  ( 7 )  i s  o b t a i n e d :  
o r  optimum LAo /. . . Y7 
where 
c 
The magni tude  of is i s  d e t e r m i n e d  by t h e  f r o n t a l  n r e a  
a n d  i s  u n i t y  f o r  t h e  " ' i i l e ~ l ~ ~  r a d i j t o r , a . f  i n f i n i t e  f r o n t a l  
a r e a .  The q u a n t i t y  1 c a n  ' t h e r e f o r e  be t h o u g h t  of as ,  t h e  
r n t i o  of t h e  volume of.  t h e -  m.ost . e f f g c i e n t  r a l i i a t o r  of .a 
g i v e n  f r o n t n l ' n y e a  t o  the '  v o l u ~ w  -ol^ tlze i d e a l '  r a d i a t o r .  
l i g u r k  5 shows how ' h J "  vo r i e . s  w i t h  t h e  h e a t ~ t r a n s f e r  e f f i -  
c i e n c y .  Iil p r a c t i c e :  V t  ' may l i e  be tween  0.3 and  0 , 6 ,  
The c o r r e s p o n d i n g  v a l u e s  of  1 a r e  1.11 ~ n d  1 .22 .  
The v a l u e  of N can  t h e r e f o r e  be assumcd t o  be 1 ,15  anc  
t h c  n o s t  e f f i c i e n t  r a d i a t o r  v o l u m ~  can  bc 6 i r e c t l y  ca l cu -  
l a t e d ,  w i t h i n  a few p e r c e n t ,  f rom t h e  e x i s t i n g  p h y s f c a l  
conc l i t i ons  by means of o q u a t i o n  ( 8 ) .  
The e x i t  l o s s  of t h e  r a d i a t o r  may be c o n s i d e r e d  a s  a 
d u c t i n g  l o s s  s n d  may be i n c l u d e d  i n  t h e  d u c t  pumping e f -  
f i c i e n c y ,  Because a knowledgo of t h e  magnitude of t h e  
c x i t  l o s s  of t h e  r a d i a t o r  i s  more r e a d i l y  a v c , i l a b l e ,  how- 
e v e r ,  t o  t h e  r a d i a t o r  d e s i g n c r  t h a n  t o  t h o  duwt d e s i g n e r ,  
i t  i s  convcn icn t  t o  c o n s i d e r  t h e  c x i t  l o s s  o f  t h e  r a d i a t o r  
s e p a r a t e l y  from t h e  l o s s e s  e x i s t i n g  i n  t h e  cluct, When t h e  
e x i t  l o s s  i s  c o n s i d e r e d  s o p n r a t e l y  i n  t h c  a n a l y s i s ,  a new 
t o r m  a r i s c s  i n  t h e  e v s l u s t 5 . 0 ~  of  B. The f o l l o w i n e  & a b l e  
shows t h i s  new torm. 
F i g u r c  6  p l o t s  t h e  c o e f f i c i e n t  of t h e  e x i t - l o s s  t e r m  
a s  a f u n c t i o n  of t h o  h e a t - t r a n s f o r  e f f i c i e n c y .  I n  p rac -  
t i c c ,  ?lt l i e s  bctwcen 0,3 and  0,6 and ,  t h e r e f o r e ,  t h e  
e x i t - l o s s  c o e f f i i i o n t  nay bc t a k e n  a s  1.70 w i t h  v e r y  l i t t l e  
e r r o r .  The q u a n t i t y  N ,  i s  t h e n ,  f o r  p r a c t i c a l  p u r p o s e s ,  
2 / 7  
U = 1.15 ( 1  +- 1.70a)  . , - ,  ( 9 )  
The minimum power e x p e n d i t u r e  i s  o b t a i n e d  by s u b s t i t u t i n g  
t h e  f o r m u l a  f o r  tho 'opLimum r a d i a t  o r  volume ( e q u a t i o n  (8) ) 
i n t o  t h e  e q u a t i o d  f o r  power e x p e n d i t u r e ;  t h e n ,  
The r a t i o  Pt/PW i s  ; ? l o t t e d  a s  a f u n c t i o n  of t h e  
f r o n t a l  a r e a  i n  f i g u r e  7. As t h o  f r o n t a l - a r e a  c o e f f i c i e n t  
Oecreases  below u n i t y ,  which c o r r e s ~ o n d s ,  f o r  t h e  conven- 
t i o n a l  s i z e  of t u b i n g  of  about  1 /4- inch d i a m e t e r ,  t o  a n  
L / D  of a3out  70,  t h e  power e x p e n d i t u r e  of t h e  r a a i a t o r  
i n c r e a s s s  .very r a p i c l y .  
APPEBDIX 3 
DERIBATIOB OF CURVES OF FIGURE 1 
Thc p r e s s u r e  Crop a c r o s s  a  r a d i a t o r  h a s  bccn g i v e n  i n  
append ix  d a s  
. . 
When V x  i s  c l i m i n a t c d  by means of t h e  heat-balp,nce 
e q u a t i o n  and t h e  .equat ion  i s  s impl i f i cc l ,  t h e  p r e s s u r e  
d rop  i s  o b t a i n e d  a s  
. f 2  1 + 1- -+ -  log,  
2 2 The h e a t i n g  t e rm 
a + l o g  1 
e l - v t  
can be s i m p l i f i e d  by n e g l e c t i n g  t h e  e x i t - l o s s  term i n  b o t h  
numerator  and denominator .  When i s  expanded i n  a  
power s e r i e s ,  t h e  t e rm fu r the r  s i m p i i f i e s  f o r  p r a c t i c a l  
p u r p o s e s  t o  w (1 - $) and t h e  p r e s s u r e  drop i s  
9 1  
. g i v e n  by t h e  e q u a t i o n  
(l"..$?)] (a+loge *-J [1+- T L  
"fern E I '  pz ~ t a  
When t h e  t e rms  a r e  t r a n s p o s e d  and s i m p l i f i e d ,  t h i s  
r e l a t i o n  i s  pu t  i n  t h e  form 
The r a t i o  L/D and t h e  h e a t - t r a n s f e r  e f f i c i e n c y  'lit 
a p p e a r  on t h e  r i g h t - h a n d  s i d e  of t h e  e q u a t i o n ,  But t h e  
h e a t - t r a n s f e r  e f f i c i e n c y  i s  p r i m a r i l y  a f u n c t i o n  of L / D  
and d e p e n d s  on t h e  o p e r a t i n g  Reynolds number on ly  t o  a 
s l i g h t  e x t e n t ,  a s  shown i n  f i g u r e  4. By t h e  u s e  of a n  av- 
e r a g e  v a l u e  of 18 ,000 f o r  t h e  o p e r a t i n g  Reynolds number, 
t h e  h e a t - t r a n s f e r  e f f i c i e n c y  can bc found,  w i t h i n  a few 
p e r c e n t ,  from . the  p h y s i c a l  d imensions  of t h e  r a d i a t o r .  
T h i s  v a l u e  h a s  been u s e d  i n  t h e  p l o t  of e q u a t i o n  (11)  i n  
f i g u r e  1. The e f f e c t  of t h e  e x i t  l o s s  on t h e  p r c s s u r c -  
d rop  o r d i n a t e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  magnitude of 
t h o  e x i t  l o s s .  The pressure -d rop  c u r v e s  i n  f i g u r e  1 a r e  






































































































































































































































































































































































































































































































































































log - ', PD' = c 
H rlt 
E q u a t i o n  (12) was usecl i n  p l o t t i n g  t h e  c o o l i n g  power 
c u r v e s  i r i  f i g u r e  1. Again t b e  e f ' f e c t  of e x i t  l o s s  upon 
t h e  o r ? - i n a t e  i s  d i r e c t l r  p r o p o r t i o n a l  t o  t h e  n a g n i t u d e  of 
t h e  e x i t  l o s s  and t h e r e f o r e  t h e  c u r v e s  n r e  e a s i l y  appl ied-  
t o  tile c a l c u l a t i o n s  f o r  any  raciator ,  
The mass f l o w  of a i r  r e q u i r e d  f o r  c o o l i n g  can  be do- 
t e r n i n e d  i n  t e r n s  of t h e  anount  o f  h e a t  c l i s s i p a t i o n  and 
t h e  a v a i l a b l e  terzlperaturc d i f f e r e n c e   fro^ t h e  L/D of t h e  
r a d i a t o r  t u b i n g ,  T o r  t h i s  p u r p o s e  t h e  e o u a t i o n  f o r  t h e  
h e a t  d i s s i p a t i o n  of a r a d i a t o r ,  H = I . I ~ ~ ( T ,  - T ~ )  q t ,  i s  
p u t  i n  t h e  form ' *  
. I  I - - 
. . 
F i g u r e  1 shows h o w  t h e  snass-flow f a c t o r  depends  upon t h e  
L/D of t h e  r a d i a t o r  tub2ng. .  
.- dPP3BDTX C 
J 3 T  GFPECT " 
Sone of t h e  h e a t  added t o  t h e  a i r  i n  t h e  r a d i a t o r  can  
be c o n v e r t e d  i n t o  t h r u s t  power. I n  r e f e r e n c e  2 i t  i s  
shown t h a t  t h e  a e c h a n i c a l  power which cac t h e o r e t i c a l l y  be 
The t o ~ ~ ~ p c r a t u r o  of t h o  a i r  i n  t h e  o n t r a n c o  of t h e  r a d i -  
a t o r  T I  i s  g r e a t e r  t h a n  t h e  a t u o s p h o r i c  t c o p o r a t u r c  T o  
by t h e  m o u n t  of t c n p c r a t u ' r c  r i s e .  caused by t h e  a d i a b a t i c  
c o n p r e s s i o n  of t h e  3tr shead of t h e  r a d i a t o r .  
P 
I f  t h i s  r e l a t i o n  i s  s u b s t i t u t e d  i n  e q u a t i o n  ( 1 3 ) ,  t h e  
n e c h a n i c a l  power t h a t  can k h e o ' r e t i c a l l y  be r e c o v e r e d  be- 
coI1Ie s 
A t  n speecl of 500 n i l e s  p e r  hour t h e  ac l i abn t i c  r i s e  
w 2' 
of t e ~ ~ p e r a t u f e  " 0 i s  44.6' I?. Even a t  t h i s  h i g h  1556gcp 
speed ' 0  i s  l e s s  than O , l ,  The second t e r n  i n  1556gcpTO 
, 
t h e  .denon ina to r  of e q u a t i o n  ( 1 4 )  i s .  c.o.'nsequent.ly a lways  
v e r y  sr-la11 a s  coapnred w i t 2  u n i t y ,  and $!/El . i s  . p r a c t i c a l -  
2 
l g  p r o p o r t i o n a l  t o  P o  / T ~ .  
The e f f i c i e r c y  of c o n v e r s i o n  of r e c o v e r a b l e  nebhani-  
c a 1  power t o  t h r u s t  power i s  ZV o  o r  2 The 
Po  4- V 3  . v3 1 + -  
v3 To 
r a t i o  - i s  cqunl  t o  . h e  j e t  e f f i c i e n c y  t h e r e -  
8 0  - 
f o r e  i s  . . 
By a c o n b i n a t i o n  o f  e g u n t i o n s  (14) omTL (151, t h c  power de- 
r i v a b l c  f r o n  t h e  j e t  is o b t a i n c a  a s  
The ra:?"ictor  d e s i z n  and t h e  nagn i tudo  of t h e  jo t  power ?,re 
conne ctecl on ly  tilrouglz tlie q t  t e r n  of t h e  j e t  e f f i c i e n c y .  
The j e t  e f f i c i e n c y  i s  p r a c t i c a l l y  100 p e r c e n t  and v a r i e s  
o n l y  a  few p e r c e n t  i n  p r a c t i c e .  Mo n a t t e r  what r a d i a t o r  
i s  i n s t a l l e a  t o  d i s s i p a t e  t h e  r e q u i r e d  anount of h e a t  H, 
t h e  j e t  power  ob ' tained w i l l  be t h e  s a n e ,  The j e t  powor, 
t h e r e f o r e ,  does no t  a f f e c t  t h e  o p t i n u n  r a d i a t o r  d e s i g n ,  
Because t h o  j e t  e f f i c i e n c y  is p r a c t i c a l l y  constant, 
t h e  j o t  power i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  h e a t  d i s s i -  
p a t i o n  a n d  t o  t h e  square  of t h c  speed of t h e  a i r p l a n e .  
A l s o  t h e  j e t  >owor i s  g r e a t e r  a t  a l t i t u d o  bccausc  of t h e  
lowered a t n o s p h e r i c  t cn:)orature. 
/~.&r% g i v e s  t h e  j e t  power p e r  100 horsepower of 
h e a t  d i s s i p a t i o n  a s ,  n f u n c t i o h  of t h e  a l t i t u d e  ancl o f  t h e  
spcod of t h e  a i r p l a n e .  (The s t a n d a r d  a t n o s p h e r a  h a s  beon 
assunc$-.)  A t  h i g h  a i rpLnne  spcccls t h e  j e t  power exceeds 
t h e  power r e q u i r e d  t o  c a r r y  t h e  r a d i a t o r  weight  and t o  
p u s h  t h e  a i r  th rough  t h e  r a d i a t o r  and t h e  d u c t  s y s t e n .  I n  
o t h e r  words, t h e  r a C i n t o r  i n s t a l l a t i o n  becones a source  
of n e t  t h r u s t .  
1, B r e v o o r t ,  14. J.: R a d i a t o r  Design.  RAGA A - C v R - ,  J u l y  
1941. 
2 ,  B r e v o o r t ,  1.1. J . ,  and ~ e - i f e r ,  M . :  B a d i a t o r  Design and 
I n s t a l l a t i o n .  NACA A . C . R , ,  12ay 1939, 
3 ,  Joyner  , Upshur T . : Lint hemat i c a l  A n a l y s i s  of A i r  c r a f t  
I n t e r c o o l e r  Design,  T.N. No. 781,  NACA,  1940. 
100-EORSEPOWER DISSIPATION 
S e a  level 
TABLE 11 . RADIATOR vosura rm cusrc  s n r  aox EACH 
LOO-HORSEPOliER DISSIPATION 
( V ,  = 300 nph) 
Altitude 
(ft) 
Sca l e v e l  
-JJ 






0-15 1 0.20 I 
0.354 0,326 
25 
TA3LE I11 - IikDIdTOR VOLUNE IB CUSIC FEET FOR XACH 
LOO-HOBSEPOWZR DISSIPATIOB 
(V, = 400 nph) 
Altitude 











C~ ri E -  
P CL 
' 0.05 , ,  1 0 0  1 0.20 



























TRBLB IV - RAilIATOR VOLUEfE IB CUBIC FEET FOB EACE 
(V, = 500 mph) 
A1 t i t u d e  
( f t )  











0,05 1 0,.10 
I 
0,452 1 0.371 
.378 
*461 . 83 1 .397 






TABL3 Y - JET PO?I?SB I N  EOBSEPO\VER FOR EACH 
100-BORSXPOIVEB HEAT DISSIPATI OW 
A 1  t i tude  
(ft) 
Sen  l e v e l  
5 ,000  
Jet power p e r  100 -ho r sepower  heat d i s s i p a t i o n  
( h p )  








1 0 , 0 0 0  1 1 .46 3 .21 I 
1 5 , 0 0 0  1 1 - 5 1  1 3.32,  
20,QOO l e 7  
3.59 25 ,000  1 1.63 
I 
3 0 , 0 0 0  1 1 .70 3 . 7 4  / 
I 
ITo 10; 400  mph 




5 .98  
6 .22 
6.47 
Vo =200 rnph 1 Vo =300 rnph 
1 . 3 6  
1 . 4 1  
6.75 10 .16  
6.77 1 10.19 
I - 
2.99 
3 .10  
35 ,000  1 .78  I 1 3 . 9 0 -  
I 
4 0 ,000  1 1.79 1 3.91 
1 
TABLE VI c. PRESSURE DROP ACROSS U D I A T O R  AT SEA LEVEL 
J n P f e m  l b / s q  f t  p e r  100-horsepower 
d i s s i p a , t i o n  p e r  s q u a r e  f o o t  of open 
f r o n t a l  a r e a  f o r  100' F a v a i l a b l e  
t e m p e r a t u r e  d i f f e r e n c e  
Figure 1.- Radiator design obart. H a8d P&I are BB horssepower. 
Figure 2 .- Heat-transfer date taken from ref erelace 2 . 
Reynold@ number, W 
ffhgure 3.- Psiction aato taken from reference 2 
Figs. 4,5 
LID 
Figure 4.- The heat-transfer efficiency rjt as a function of L/D. 
rlt 
Figure 5.4 The quantity N as a function of vt. 
Figs 
Figure 6.- The coefficient of the exit-loss term of N as a function 
of rlt* 
Figure 7.- The power expenditure of the most efficient radiators as a 
function of the frontal-area coefficient, 
